Thus, in the hippocampus, it is believed that GluR1/2 NMDA, GluR2 is diverted to late endosomes/lysoheteromers are delivered to synapses during activitysomes. In contrast, GluR1 remains in the recycling dependent synaptic potentiation, such as LTP, whereas pathway, and GluR3 is targeted to lysosomes regardGluR2/3 heteromers cycle continuously between the less of NMDA receptor activation. Interaction with NSF postsynaptic membrane and intracellular compartments. plays a role in regulated lysosomal targeting of GluR2.
In this report, we investigate the subunit rules that tion), HA-tagged GluR1 and GluR2 subunits were well expressed on the neuronal surface and enriched in dengovern the activity-dependent redistribution of surface AMPA receptors to intracellular compartments and that dritic spines ( Figure 1A ). There was also considerable staining for intracellular HA-GluR1 and HA-GluR2 (Figure determine the intracellular sorting of receptors after they are internalized. In contrast to inducible synaptic deliv-1A). The surface and intracellular expression levels were similar for HA-GluR1 and -GluR2, as measured by antiery, where GluR1 plays the key role, the GluR2 subunit is the primary determinant of inducible intracellular ac-HA immunostaining ( Figure 1B ). Even though expressed from the same vector, the cumulation of AMPA receptors. GluR2 controls the postendocytic trafficking of internalized AMPA receptors to level of surface HA-GluR3 immunostaining was significantly lower ‫)%05ف(‬ than that of HA-GluR1 and -GluR2 either recycling or lysosomal degradation pathways, at least in part dependent on its interaction with NSF.
( Figures 1A and 1B ). More strikingly, relatively little intracellular HA-GluR3 staining was observed; the surface/ intracellular ratio of HA-GluR3 was ‫-5ف‬fold higher than Results
HA-GluR1 or HA-GluR2 (Figures 1A and 1B). To corroborate this unexpected difference, we compared the distriDifferential Distribution of GluR3
To study the internalization and subsequent intracellular butions of endogenous GluR1, GluR2, and GluR3. For GluR3 staining, we used a new GluR3-specific rabbit trafficking of specific AMPA receptor subunits, we overexpressed HA-tagged GluR1, GluR2, or GluR3 in culantibody prepared against an extracellular epitope of this subunit (see Experimental Procedures). Under tured hippocampal neurons. Such overexpression of individual subunits has been shown to favor assembly of membrane-permeabilized conditions (thus showing to- tal receptor distribution), endogenous GluR1 and GuR2 contrast to GluR1 and GluR2, there was little GluR3 staining in neuronal cell bodies or dendritic shafts (Figshowed diffuse staining in the soma and dendritic shafts (reflecting in part the intracellular pool of these subunits) ures 1C and 1D). This was particularly obvious when comparing GluR2 and GluR3 distributions directly by as well as brighter spine-associated clusters ( Figures 1C  and 1D ). Endogenous GluR3 also appeared as clusters double labeling of the same neuron ( Figure 1D , middle). Taken together, the staining of exogenous and endogeconcentrated in dendritic spines, colocalizing with the presynaptic marker Bassoon (Figure 1D, lower) . But in nous subunits indicates that GluR3 differs from GluR1 The degree of intracellular accumulation measured at any time point (e.g., 10 min) actually reflects the balance body-bound receptor in intracellular compartments and the amount of antibody-bound receptor remaining on between endocytosis of surface-labeled receptors and the recycling of internalized receptors back to the cell the surface were tracked by quantitative immunofluorescence staining under permeabilizing versus nonpermeasurface during this time period. To obtain a more dynamic picture of GluR redistribution from surface to inbilizing conditions. We measured the ratio of intracellular fluorescence/total fluorescence ("internalization index") to tracellular compartments, we measured the time course of subunit intracellular accumulation under basal condicontrol for variable expression levels of GluR subunits in different neurons. tions (i.e., during constitutive internalization). In cultured hippocampal neurons ‫3ف(‬ weeks in vitro), the amount During a 10 min period following surface HA labeling, HA-GluR1 showed the highest degree of intracellular of intracellularly accumulated HA-GluR1 and HA-GluR2 as a fraction of total fluorescence increased rapidly over accumulation of internalized receptors in basal conditions (‫-3ف‬fold greater than GluR2) (Figures 2A and 2B) .
several minutes and reached a plateau level ‫01ف‬ min after surface labeling of the receptors ( Figure 3A) . The The amount of intracellularly accumulated HA-GluR1 in 10 min did not increase upon treatment with AMPA (100 plateau level of GluR1 intracellular accumulation was higher than that of GluR2. HA-GluR3 showed a surpris-M, in the presence of 50 M APV) or NMDA (50 M). The level of intracellular accumulation of GluR2 following ing time course, in which intracellular accumulation of surface-labeled receptor reached its maximum at 4 min constitutive internalization was lower than GluR1, but in contrast, it was increased Ͼ2-fold after stimulation with but then gradually declined to very low levels by 20 min ( Figure 3A) . The gradual decrease in intracellular level AMPA or NMDA ( Figure 2B ). Similar to GluR2, GluR3 displayed a relatively low internalization index at 10 min of surface-labeled HA-GluR3 correlates with lysosomal targeting of the internalized GluR3 subunit (see below). in basal conditions, which was significantly enhanced by AMPA or NMDA. Thus, intracellular accumulation of To help interpret the time course data for the intracellular accumulation of GluR subunits, we plotted theoretiinternalized GluR2 and GluR3 but not GluR1 is inducible by glutamate receptor stimulation.
cal curves based on single-phase exponential association kinetics for hypothetical membrane proteins that The intracellular accumulation of constitutively internalized GluR1 is unlikely to be due to spontaneous activhave different rates of endocytosis from the surface and/or different rates of recycling back to the surface ity in the culture, because it was unaffected by tetrodo-( Figure 3B and is sufficient to confer this property upon the GluR1 Stimulation with AMPA shifted the GluR2 internalizasubunit. Because the cytoplasmic tails of GluR2 and tion curve upward, leading to an increased plateau level GluR3 are highly similar in sequence, it is likely that of intracellular GluR2 ( Figure 3A ; green open circles).
the inducible intracellular accumulation of GluR3 also This result suggests that AMPA stimulation promotes depends on its cytoplasmic tail. Moreover, these tailintracellular accumulation of GluR2 by slowing down the swapping data rule out the possibility that the elevated recycling of this subunit. It is also possible that AMPA constitutive intracellular accumulation of GluR1 is due increases the rate of GluR2 endocytosis. Due to technito the Ca 2ϩ permeability of homomeric GluR1 channels. cal reasons, however, it is difficult to measure internalization within the first minute or two of the antibody feeding assay; therefore, we cannot confidently meaDifferential Sorting of AMPA Receptor Subunits sure the initial slope of the internalization curve and Following Endocytosis cannot deduce the true rate of endocytosis of the indiAfter endocytosis, does the sorting pathway and fate of vidual subunits. Nevertheless, these data indicate that AMPA receptors depend on their subunit composition? the rate of recycling is an important factor in controlling To investigate the subunit rules that govern endosomal the intracellular accumulation of internalized AMPA resorting of AMPA receptors, we followed HA-tagged preceptors and hence in the regulation of relative distribusumptive homomeric receptors after endocytosis and tion of receptors between surface and internal pools. measured the degree of their colocalization with markers of specific endosomal compartments by quantitative immunofluorescence.
GluR2 Is Dominant over GluR1 in Receptor Redistribution to Intracellular Compartments
We examined early endosomal antigen-1 (EEA1), syntaxin-13, and lysosome-associated membrane protein In the adult hippocampus, GluR2 is usually assembled with GluR1 or with GluR3 in heteromeric AMPA recep-1 (Lamp1). EEA1 is a marker for early endosomes, where endocytic vesicles first fuse after uncoating of clathrin tors ( puncta that were mostly found in soma and major densyntaxin 13-positive recycling endosomes following AMPA stimulation. Following NMDA treatment, howdrites ( Figures 6A and 6C, bottom panels) .
Following AMPA treatment, internalized HA-GluR1 ever, colocalization of internalized HA-GluR1 with syntaxin-13 reached a peak at 10 min and then decreased showed the most colocalization with syntaxin-13, increasing over 30 min to reach ‫%05ف‬ (Figure 6B middle) .
slightly, instead of continuing to rise till 30 min, as with AMPA stimulation (Figures 6C and 6D) . A possible explaThe results are consistent with GluR1 passing through EEA1-positive early endosomes and accumulating in nation is that NMDA stimulation promotes the recycling Figure 6) . One wellknown difference between GluR2 and GluR3 is that NSF control ‫,)%11ف(‬ thus behaving similarly to wild-type GluR2 (Figures 7A and 7B) . interacts with the cytoplasmic tail of GluR2 but not GluR3. A GluR2 deletion mutant defective in NSF binding
We also tested C-terminal mutants: GluR2(⌬4), which lacks the last four amino acids important for PDZ interlevels decreased by ‫%04ف‬ following either AMPA or NMDA stimulation ( Figures 7C and 7D) , consistent with action (thus cannot bind to either GRIP/ABP or PICK1), and GluR2(S880E), a substitution that blocks GRIP but the "default" lysosomal sorting of these subunits (Figures 7A and 7B) . Thus, these biochemical analyses cornot PICK1 binding (Chung et al., 2000) . Neither of these two mutations affected NMDA-induced lysosomal sortroborate the Lamp1 colocalization data. Together, they indicate that internalized GluR2 is sorted to lysosomes ing of GluR2 (Figures 7A and 7B) . Taken together, these results imply that NSF binding rather than PDZ interacin an NMDA receptor-dependent, PDZ-independent manner and implicate a role of NSF in this process. tions is important for the NMDA-dependent lysosomal sorting of GluR2.
Does colocalization with Lamp1 correlate with degraGluR2 Determines Endosomal Sorting of Endogenous Heteromeric AMPA Receptors dation of AMPA receptor subunits? We measured levels of specific GluR proteins after infecting hippocampal We next investigated the trafficking of endogenous AMPA receptors after endocytosis, focusing on late enneurons with Sindbis viruses expressing HA-tagged GluR1, GluR2, GluR2(⌬4), or GluR2(⌬A849-Q853). As dosome/lysosome targeting. The same antibody feeding assay (but using GluR1 extracellular antibody) was shown in Figures 7C and 7D , NMDA treatment (50 M for 2 min, followed by return to conditioned medium) applied to track endogenous GluR1-containing (presumably GluR1/GluR2) heteromeric AMPA receptors in led to ‫%05ف‬ reduction in total HA-GluR2 level by 2 hr. HA-GluR2(⌬C4) protein level was similarly reduced by cultured hippocampal neurons. AMPA treatment did not produce a significant colocalization between internal-NMDA ( Figures 7C and 7D) . AMPA did not affect HAGluR2 levels, and HA-GluR1 level was unaltered by eiized GluR1 and Lamp1 over 30 min (Figures 8A and  8B ). NMDA stimulation, however, strongly increased the ther AMPA or NMDA. HA-GluR2(⌬A849-Q853) protein colocalization of internalized GluR1 and Lamp1. BeGluR2, the intracellular accumulation behavior of endogenous GluR1 resembled GluR1 homomers (see Figure 2) . cause the endogenous GluR1/GluR2 heteromers showed lysosomal sorting similar to homomeric GluR2, we hyNeither pSUPER nor ZnT-3 siRNA significantly affected intracellular accumulation of GluR1 after constitutive or pothesize that GluR2 acts dominantly over GluR1 to determine NMDA receptor-dependent targeting of agonist-induced internalization. These "loss-of-function" results support a key role for endogenous GluR2 GluR1/GluR2 heteromers to lysosomes. Unfortunately, we were unable to examine lysosomal sorting of endogin regulating the redistribution of AMPA receptors from surface to internal compartments. enous GluR2 (or GluR3) due to technical problems (extracellular GluR2 and Lamp1 antibody are both mouse monoclonal; extracellular GluR3 antibody did not work Discussion for live labeling).
We also examined protein levels of endogenous Dominant Role of GluR2 in Regulated AMPA receptors by immunoblotting after AMPA or Redistribution of Surface AMPA Receptor NMDA stimulation. NMDA treatment (50 M for 2 min, to Intracellular Compartments followed by return to conditioned medium) caused an GluR1-4 subunits confer distinct biophysical properties ‫%03ف‬ decrease in the total levels of GluR1, GluR2, and on AMPA receptors (Dingledine et al., 1999). Notably, GluR3 by 2 hr (Figures 8C and 8D) . AMPA had no effect inclusion of the GluR2 subunit renders heteromeric on these three subunits (Figures 8C and 8D) Thus, AMPA receptor trafficking to and from the synapse is presumably controlled by interactions of subunits with Having verified the specificity of the GluR2 siRNA, we examined the effect of GluR2 knockdown on internalizaspecific intracellular proteins. Regulated removal of surface AMPA receptors can tion of endogenous GluR1. GluR2 siRNA increased ‫-2ف(‬ fold) the intracellular accumulation of constitutively be achieved by accelerating the rate of endocytosis. However, an alternative and equally potent mechanism internalized endogenous GluR1, and this internalization was no longer enhanced by AMPA or NMDA stimulation would be to slow the rate of recycling of internalized receptors, which occurs at a rapid pace for AMPA recep- (Figures 9C and 9D) . Thus, after specific knockdown of Figure 3) . Although we cannot exclude a contribuidea is that NSF inhibits targeting to lysosomes by promoting recycling of internalized GluR2. This hypothesis tion from altered rates of endocytosis, our results suggest that the inducible redistribution of surface AMPA is supported by our finding that a GluR2 mutant that lacks NSF binding sorts constitutively to late endoreceptors to intracellular pools can be largely accounted for by reduced recycling, with the GluR2-NSF interaction somes, whereas a GluR3 mutant that gains NSF binding does not. It remains to be determined how NMDA receplikely to play a regulatory role. PDZ-based interactions may also be relevant for determining the stability of the tor activation might affect the NSF interaction to divert GluR2 to lysosomes. ., 2000) . Myc-epitope tag was inserted at the same position as HA tag in GluR1 and GluR2. HA-tagged GluR3 in pGW1 was secondary antibody.
